A simple and efficient interference method for fabricating highly symmetric two-dimensional (2-D) quasiperiodic structures (QPSs) is theoretically and experimentally demonstrated. With a three-beam interference technique, one can fabricate a periodic 2-D structure having sixfold symmetry. When this structure is multiduplicated into other specific orientations its combination results in a QPS with multifold symmetry. By use of n exposures with a rotation angle of 60°͞n, one can create a 2-D QPS with six n-fold symmetry. The QPS with a super high symmetry level, as high as 60-fold, is demonstrated for the first time to the best of our knowledge. The diffraction pattern of a QPS is consistent with the Fourier transform calculation. The fabricated structures should be useful for many applications, such as isotropic bandgap materials and extraction enhancement of light-emitting diodes.
Introduction
The realization of photonic bandgap (PBG) materials is in high demand for use in many applications in opto-electronics and photonic domains. Over the past few years much attention has been focused on the fabrication of periodic structures (PSs) such as square or triangular. The highest rotation symmetry of these structures however is limited to sixfold symmetry, thus limiting the PBG to a few particular directions. There has been considerable interest in the fabrication of quasi-periodic structures (QPSs) following the discovery of quasi-crystals in alloy systems [1] . The high symmetry level of QPSs allows a much weaker direction-dependent property, thus an isotropic PBG [2] [3] [4] [5] [6] [7] [8] . In addition, the contrast in refractive index required to create a PBG can be significantly reduced, and thus also the loss [3, 4] . From the point of view of fabrication, various techniques can be used to fabricate PSs such as self-assembly of colloidal particles [9] , holographic lithography (HL) [10, 11] , and direct laser writing [12] . However, only some of these techniques can be used to fabricate QPS. It has been demonstrated that QPSs can be efficiently created in polymer resin by HL [13] . The multibeam interference technique is a commonly adopted HL method to fabricate a two-dimensional (2-D) QPS [13] [14] [15] . Depending on the number of laser beams and their arrangements, one can obtain a 2-D QPS with sevenfold, eightfold, ninefold, or tenfold symmetry. The highest rotational symmetry (18-fold) QPS was theoretically demonstrated using nine-beam interference [14] . These proposed techniques, however, need careful alignment of laser beams, which is difficult for experimental fabrication. In recent work [16] Lai et al. proposed, for the first time to the best of our knowledge, the use of three-beam or threebeam-plus-one interference to fabricate a 12-fold 2-D or three-dimensional (3-D) QPS. Here we demonstrate both theoretically and experimentally that multiexposure of a three-beam interference technique is a simple and useful technique with which to fabricate a 2-D QPS with a super highly rotational symmetric level. Indeed, by choosing the number of exposures and appropriate rotation angle, we can fabricate 2-D QPS with the symmetric level as desired by using this proposed technique. The rotational sym- Figure 1 shows the experimental arrangement used to fabricate 2-D periodic and quasi-periodic structures. To avoid alignment complexity and inaccuracies as well as mechanical vibration instability, a single multisurface prism, as shown in Fig. 1(a) , was employed. First, a laser beam emitted from a He-Cd laser ͑ ϭ 442 nm͒ was spatially cleaned and extended (2 cm diameter). Then a mask with three irises was used to select three laser beams of the same profile (6 mm diameter) and the same intensity. Each of these three laser beams was incident upon each surface of the prism noted as A 1 , A 2 , and A 3 [ Fig To fabricate a 2-D QPS, we exposed the interference pattern obtained by three laser beams multiple times. A simple relationship between the rotational symmetric level of the QPS and the exposure parameters can be written as
where R is the rotational symmetric level, n is the exposure number; ␣ n is the rotation angle increment [for example, for n exposures, ␣ n ͑i͒ ϭ i*͑60°͞n͒; i ϭ 0, 1, 2, . . . n Ϫ 1]; t n is the exposure time; and t 1 is the exposure time needed to fabricate a hexagonal structure by three-beam interference.
Figures 2(a)-2(c) illustrate how the QPS is created by the combination of a hexagonal structure and its duplications oriented at different angles ␣ n ͑i͒. Figure  2 (c) shows, for example, a combination of four hexagonal structures, rotated from one to one by ␣ 4 ϭ 15°, which corresponds to a QPS with 24-fold symmetry and consistent with the results calculated from Eq. (1).
To calculate the interference pattern obtained by multiple exposures of a three-beam interference pattern, we used a method similar to that used for the multiexposure two-beam interference technique [17] . The exposure dosage is accumulated after each exposure, and the total interference intensity therefore is the sum of the interference intensity of each exposure, which can be expressed as
where I ␣͑i͒ is the intensity distribution of a threebeam interference pattern in a sample oriented at angle ␣ n ͑i͒ [10] . Note that, when multiple exposures of the interference pattern are applied, the final pattern contrast decreases slightly depending on the number of exposures [18] . However, as shown theoretically and experimentally in Section 3, this phenomenon does not have much influence on the fabricated structures (even n ϭ 10).
Figures 2(d) and 2(e) show the theoretical calculation results of the isointensity distribution of one exposure and three exposures of the three-beam interference pattern, respectively. An 18-fold symmetric structure can be clearly seen (three exposures). By increasing the exposure number, a higher symmetric structure can easily be obtained. A question can be raised with regard to this calculation: does the position of the rotation center affect the symmetry level of the QPS? We further calculated the three exposures of the three-beam interference pattern with randomly chosen rotational center positions. The new structure is still quasi-periodic with the same rotational symmetric level (18-fold symmetry) even though the local structure at the rotational center is not the same; see Fig. 2(f) . Note that these QPSs have a long-range orientation order and a QPS fabricated by our proposed method, which cannot be used to experimentally control the rotational center and are independent of the rotational center positions chosen. Moreover, the diffraction pattern and the Fourier transform calculation results (shown in Section 3) of all the structures fabricated with the same number of exposures show that they effectively possess the same symmetric level. Therefore, for photonic crystal application, the isotropic PBG property should always be obtained with QPS fabricated with any rotation center. The PBG can differ slightly from a local area because of the change of the structure shape, but the average optical property of the whole area remains the same. Of course, to obtain PBG material, the fabricated QPS should be transferred to higherindex materials by some well-known techniques such as reactive ion etching or infiltration techniques.
Experimental Results of Highly Rotational Symmetric Quasi-Periodic Structures
Experimentally we used a multisurface prism as shown in Fig. 1(a) for the interference experiment. The prism was designed to arrange three laser beams after they passed through this prism making an angle of ϭ 15.7°with respect to the symmetrical z axis. This resulted in a period of 1.1 m of the periodic 2-D hexagonal structure. This period, of course, could be further decreased to a submicrometer level by changing the prism design, i.e., increasing the angle . A positive photoresist, AZ-4620 (Clariant, Taipei, Taiwan) was chosen to fabricate the QPS. The 2 m thick sample film was spin coated onto a glass substrate and soft baked at 65°C for 2 min and then 95°C for 3 min to remove the solvent. Since the wavelength of the irradiation source ͑442 nm͒ was far from the peak absorption of the photoresist, the absorption effect was reduced and the structures were uniformly fabricated with a film of thickness of as much as 15 m. The power of each laser beam (A 1 , A 2 , A 3 ) was fixed at 2 mW and exposure time t 1 was approximately 6 s. After exposure, the sample was developed for 7 min in AZ developer and rinsed in deionized water. Figure 3(a) shows the experimental result of a 2-D QPS obtained with three exposures of the three-beam interference pattern at ␣ 3 ͑i͒ ϭ 0°, 20°, and 40°͑␦␣ Յ 0.1°͒. The structure is quite uniform over a very large area, 6 mm ϫ 6 mm, corresponding to the size of the iris. Figure 3 (b) zooms in on an area of the QPS in which one can clearly see an 18-fold symmetric structure, in agreement with the theoretical prediction; see Figs. 2(e) and 2(f). From different samples obtained at different fabrication times, we found that the diffraction pattern of the 2-D QPS contains a series of circles shown as eighteen bright spots around a zero-order diffraction spot; see Fig. 3(c) . We also calculated the Fourier transform [19] of this 18-fold QPS, obtained with different rotation centers, and found that the spectrum, as shown in Fig. 3(d) , with an 18-fold rotational symmetry, inherited by the statistical symmetry of the structure, is clearly visible.
To demonstrate the feasibility of using this technique for fabrication of a higher rotationally symmetric QPS, we exposed the sample as much as four, six, and even ten times (␣ 4 ϭ 15°, ␣ 6 ϭ 10°, ␣ 10 ϭ 6°). Figure 4 shows SEM images and corresponding diffraction patterns of 24-fold, 36-fold, and 60-fold 2-D QPS. Diffraction patterns reveal that these structures possess a super high rotational symmetric level, which has never before been achieved with other fabrication techniques. The calculated Fourier transforms (not shown) of these structures are in agreement with the obtained diffraction patterns, which Fig. 2(f) . also confirm that these QPS structures have a high rotational symmetric level.
Finally, following this proposed method we predict that the 3-D QPS with a high rotational symmetric level can also be achieved by using this multiexposure three-beam interference pattern with appropriate rotation angles. Indeed, by adding one more rotation angle, called ␤ n , we can fabricate a 3-D quasicrystal with 12-fold symmetry using only three exposures. The fabrication of such a structure is under investigation.
Conclusions
In conclusion, we have demonstrated both theoretically and experimentally that by using a multiexposure three-beam interference technique one can easily and efficiently fabricate 2-D quasi-periodic structures with a high rotational symmetric level. By using a simple n exposure of a hexagonal structure obtained by three-beam interference, we fabricated a 2-D quasi-periodic structure with 6n-fold symmetry. The diffraction pattern of all the fabricated structures contains a series of circles constituted by 6n bright spots, which represents the 6n-fold symmetry level of the quasi-structure. A super high symmetric structure, as high as 60-fold, has been demonstrated experimentally for the first time, to the best of our knowledge. Employing a multisurface prism, the proposed fabrication technique becomes a compact and robust way to produce quasi-periodic structures with a high rotational symmetric level. Experimental results obtained with the positive AZ-4620 photoresist are in agreement with the simulations obtained by use of multiexposure multibeam interference. This study is potentially useful for photonic research and applications, for example, light extraction enhancement of light-emitting diodes and isotropic bandgap materials.
